Tungsten is a refractory metal with the highest melting point of all metals, which is considered as a promising candidate material for plasma-facing materials in the future fusion reactor. However, tungsten faces several challenges from intrinsic embrittlement, irradiation embrittlement and recrystallization embrittlement during the operation of the fusion reactor. To satisfy the fusion engineering application, an advanced tungsten material with the fine grain and dense microstructure is required and developed. This paper briefly introduces the application background of the tungsten materials and mainly illustrates a series of common techniques for manufacturing advance tungsten materials, such as powder preparation technologies, bulk densification techniques, continuous processing technologies and the coating and additive manufacturing technologies. Furthermore, the development prospects for manufacturing techniques of tungsten materials are also presented in the end. Considering the tungsten materials employed in the fusion engineering application, combining these scalable techniques of the wet-chemical method, pressureless sintering and continuous deformation processing techniques would be the possible research and development routes to realize the manufacture of the advanced tungsten materials.
Introduction
In the fusion reactor, the research and development of plasma-facing materials (PFMs) have become one critical issue for realizing controlled nuclear fusion energy, because the PFMs have to face an extremely harsh operating environment. For the case of deuterium (D)-tritium (T) nuclear fusion reaction, PFMs undergo a high-energy particle irradiation from the helium ion (3.5 MeV) and neutron (14.1 MeV), and particle irradiation-induced thermal effects in PFMs [1] . Furthermore, PFMs are inevitably subjected to the thermal shock from edge-localized modes (ELMs), plasma disruption, vertical displacement events, etc. [2] [3] [4] [5] [6] . This means that PFMs are required to possess at least a good resistance to particle sputtering, good thermal conductivity and high melting point. Tungsten (W) with decision advantages of the highest melting point (approximately 3410 °C) in all metals, high density, excellent thermal conductivity (approximately 173 W m −1 K −1 at room temperature), high sputtering threshold and low tritium retention is considered as one main promising candidate material for PFMs in the future fusion reactor [the demonstration reactor or China fusion engineering testing reactor (CFTER)] [7, 8] .
Under such a harsh operational environment in the fusion reactor, intrinsic brittleness of W materials [9, 10] may be easier to exhibit a series of brittle behaviors due to fusion particle bombardment [11] [12] [13] , recrystallization at high temperature [14, 15] or thermal shock loading [16] . To eliminate or alleviate the brittle behaviors and satisfy the fusion engineering application, an advanced W material is required and developed. Many researchers claimed that grain boundaries can act as traps to annihilate point defects (interstitial atoms or vacancies) from irradiation [12, [17] [18] [19] [20] . Klimenkov et al. [12] and Fukuda et al. [17] performed a neutron irradiation test on W materials and found that the neutron Tungsten www.springer.com/42864 irradiation-induced defects were likely to gather or be annihilated at grain boundaries. EI-Atwani et al. [18] [19] [20] reported the effects of grain sizes on the irradiation resistance of pure W materials that the grain refinement could enhance its irradiation resistance. Tan et al. [21] performed an ELM-like thermal shock test on the second-phase-doped W materials with a report that the addition of the second phase would improve the resistance by strengthening grain boundaries. Recently, Wu [10] concluded several toughening routes from intrinsic or extrinsic toughening mechanism perspectives, which might help to point out a possible route to obtain the advanced W materials. The main toughening routes were composed by the intrinsic toughening approaches of the addition of alloying elements and deformation processing, and the extrinsic toughening approaches including the addition of second-phase particles or tungsten fibers, etc. Grain refinement is not only an intrinsic toughening approach but also an extrinsic toughening approach, because it is beneficial to the formation of grains with preferred deforming orientation and improved crack propagation paths. In addition, several studies claimed that impurity (C, N, O, P, S, etc.) introduction would result in the W materials developing brittle fracture along the grain boundary [22] [23] [24] [25] [26] . Therefore, the fine grain and high purity are the necessary factors for an advanced W material from the PFM manufacture perspective. Naturally, the high density is also an essential factor for PFMs, especially functioning as the shielding material and heat-transfer material.
Traditionally, the manufacture of W materials always follows the powder metallurgy route because of the highest melting point of W. This paper illustrates the manufacturing processes of W materials including powder preparation techniques, bulk densification techniques and continuous processing technologies. In addition, some other special manufacturing techniques are also briefly introduced in the end.
Powder preparation techniques
The powder preparation stage is a basic and key step to obtain an advanced W material. The fine grain, composition homogeneity and the second-phase distribution uniformity of the W matrix materials rely strongly on the stage of the powder preparation. To achieve a fine grain microstructure, it is better to get ultra-fine even nano-sized powders. At present, the common preparation methods of W powders include the mechanical milling (a top-down approach, also named as mechanical alloying) and wet-chemical method (a bottom-up approach, also called the liquid-phase method). During the mechanical milling process, plastic deformation, cold-welding and cracking are the predominant processes, in which the deformation leads to a change in the particle shape, cold-welding leads to an increase in the particle size and cracking leads to a decrease in the particle size, resulting in the formation of homogeneous and grain-refined alloys or composite materials [27] . Among all the bottom-up approaches, the wet-chemical method is widely and mainly exploited for the preparation of second-phase strengthening W composites. Although the wet-chemical method usually shows different process routes, it always consists of the preparation and reduction of the precursor.
The addition of alloying elements or second-phase particles is an effective approach to improve the toughness of W materials [10] . Mechanical milling is usually applied for the preparation of W alloy powders with doping alloying elements of Re [28] , Ta [29] , V [30] , etc. During the milling process, the kinetic energy of milling balls will be transferred into the powders, resulting in the powders being mixed, deformed and heated. Eventually, the added elements and W powders can become homogeneous and alloy by altering the milling process. Tan et al. [31] studied the homogenization and alloying processes of the W-Cr-Yalloyed powder by altering the milling times in a planetary ball mill. Figure 1 shows the cross sections of the largesized powder particles after milling at different times. The results showed that the completely alloyed W-Cr-Y powder can be obtained after 60 h of milling under the current milling conditions. Notably, the large micro-sized particles are composed of many nano-sized powder particles. Chen et al. [32] tried to produce Ta-20 wt.% W-alloyed powder and reported that it was possible to obtain the nano-sized powder by a wet-chemical method. Generally, it is hard to reduce the alloying elements from their corresponding oxides because of their high oxygen affinities [33] . Therefore, the reduction atmospheres were not only composed of hydrogen, but also sodium and magnesium in the case of Ta-W-alloyed powders. Furthermore, mechanical milling can also be used to produce the nano-sized W matrix composite powders with the addition of the second-phase particles (TaC, TiC, ZrC, Y 2 O 3 , etc.) [34] [35] [36] [37] [38] [39] . After the densification or deformation processing, the produced W matrix composites showed excellent tensile mechanical property and low ductile-brittle transition temperature (DBTT).
Unfortunately, it is impossible to avoid the impurities (C, Co) from the milling jar and milling balls during the mechanical milling process, even if the milling jar or balls are made of the hard alloy [40] . Further, it may also induce C, N and O impurities from the milling atmosphere, because an absolute pure atmosphere is impossible. As mentioned earlier, the introduction of impurities (C, N, O) would deteriorate the toughness of W materials. The C impurity may also increase the amount of retained deuterium because of the co-deposition with fuel particles [41] . Furthermore, the existence of low Z (atomic number) impurities may accelerate the production of dust during the fusion reactor operation, if certain quantities are exceeded, namely which can directly or indirectly cause an explosion and then result in a breach of the confinement [42] . Lang et al. [43] produced W-0.5 wt.% TiC composite powders via mechanical milling and wet-chemical method, respectively. After densification with the same sintering process, the W-TiC composite produced by the wet-chemical method possesses several advantages including the better mechanical property, better microstructure uniformity and higher thermal conductivity below 600 °C.
The wet-chemical method is usually applied to synthesize the second-phase strengthening W matrix composite powder. Due to the different characteristics of the second-phase particles, the synthesis mechanisms of the wet-chemical method are also different. The addition of the second phase in W usually consists of two types of rare earth oxides and carbides, which are followed by the "liquid-liquid doping" and "solid-liquid doping" concepts of the wet-chemical method, respectively. Liu et al. [44] reported that the salt solutions of the precursor are mixed in the molecular level in the case of the "liquid-liquid doping" concept and, therefore, the composite powder with "core-shell" structures is obtained. After densification at a high temperature, the rare earth oxides would distribute uniformly both at the grain boundaries and in the grain interiors. This kind of microstructure is beneficial for the materials to realize the work hardening and uniform plastic deformation. Based on the concept of "liquid-liquid doping", Xia et al. [45] and some other researchers [46] [47] [48] It is difficult to find out a suitable salt solution of carbides, so the "liquid-liquid doping" concept of the wetchemical method cannot be used in the case of the addition of carbides. Therefore, the "solid-liquid doping" concept is introduced to synthesize carbide-doped W composite powders to obtain an advanced W composite with a homogenous structure, which depends on the distribution of the added carbides. Tan and Luo et al. [49] [50] [51] inspired from the preparation process of TaC-and TiC-doped W composites, put forward a "solid-liquid doping" concept that could obtain a W matrix composite, in which the second-phase particles [31] can distribute at grain boundaries and grain interiors. Figure 2 shows the schematic diagram of the "solid-liquid doping" concept for the wet-chemical method [51] . The features of this concept are as follows: (1) the dispersed carbides were coated with the W precursors after the evaporationprecipitation stage, as shown in Fig. 2c ; (2) the nano-sized tungsten particles in situ nucleated at the carbides during the hydrogen reduction stage, as shown in Fig. 2d; (3) the nanosized W particles aggregated and grew to obtain a homogenous microstructure with the dispersed carbides distributed at the grain boundaries and grain interiors, as shown in Fig. 2e . In addition, Fan et al. [52] reported a sol-gel method that could synthesize the second-phase (Y 2 O 3 , La 2 O 3 , TiC, ZrC, etc.) dispersion-strengthening W matrix composites. Notably, the raw materials of the sol-gel method are also the salts of W, rare earth oxides or carbides. The sol-gel method also obeys processes of the addition of precipitants to obtain the sol-gel, precursor precipitation, spray drying, hydrogen reduction and deification sintering. Therefore, the sol-gel method is a kind of the wet-chemical method.
Generally, the flowability, size and size distribution of powder particles are the main factors which directly affect the sintering densification behaviors of W materials. Under the given conditions: high flowability of the powder particles benefited the sintering densification [53] , nano-sized powder particles have higher sintering activity than microsized powder particles [54] , and the powder with the normal distribution is easier to densify than the powder with a uniform particle size [55] . The powder prepared by the mechanical milling possesses several characteristics such as high surface roughness, fine grain size, normal distribution particle size and high residual stress, indicating a high sintering driving force but low powder flowability during the densification stage. For the powder synthesized by the wet-chemical method, the morphology, particle size and size distribution of the powder strongly depend on its preparation and reduction processes. More notably, the wet mechanical process can make it easier to realize the mass production of the powder compared to mechanical milling.
Bulk densification techniques
An advanced W material with features of the fine grain and high density would rely strongly on the bulk densification stage. As we all know, the sintering temperature and duration time are the positive factors to obtain a high-density bulk and the negative factors for grain refinement during the densification stage. Therefore, the densification temperature and the duration time are also the main factors in determining the suitability of a densification technique considering merely from the microstructure perspective. Currently, the W bulk densification techniques include the pressure sintering of spark plasma sintering (SPS), ultrahigh pressure (UHP), hot isostatic pressing (HIP), hot pressing (HP) and pressureless sintering (PLS, a conventional sintering technology). Compared to the PLS, it is easier to obtain the fine grain and high density of W bulks by pressure sintering. However, the PLS possesses a significant advantage in energy consumption and cost compared to the above-mentioned pressure-assisted sintering or rapid heating sintering techniques. Especially, the largest advantage of the PLS technique is that it is easy to realize the mass production of W materials for engineering application.
SPS is one of the efficient techniques to realize lowtemperature densification in short time for the refractory metals [56] . It combines high heating rate (at a range of 50-1000 °C min −1 ), assisted pressure and current that can limit the growth of powder particles and help to obtain a fine grain material [57] . Targeting at the PFMs, a series of W materials were produced by the SPS technique [34-39, 49-51, 58] . Zhou et al. [58] consolidated the W-0.5 wt.% The obvious difference for the UHP technique compared to the SPS technique is that it could achieve a high auxiliary applied load (GPa level) [59] . Zhang et al. [60] consolidated separately pure W powders with different particle sizes of 0.3 μm and 3 μm by the UHP technique under a pressure of 7 GPa. With a current of ~ 2800 A for 60 s, the relative density of the pure W materials could reach up to 95.2% and 98.1%, respectively. After UHP densification, the gain size of W has no obvious change compared with the original particle size of powders, changing from 0.3 to 0.33 ± 0.1 μm. In the case of the initial pure W powder with the particle size of 3 μm, noteworthily, the grain size decreased and presented a bimodal distribution of 1.85 ± 0.84 μm and 0.47 ± 0.2 μm. The grain sizes are almost the same as the particle size of original powders, owing to the UHP technique conducting the diffusion and plastic flow of the powder particle that inhibit the atomic diffusion and hinder the grain growth. HIP technique is a special sintering technique that the green compact or encapsulated green compact is put into a vacuum vessel and conducted by the combined actions of a high temperature and an omnidirectional high pressure to accomplish the densification process [61] . Kurishita et al. [62] consolidated milled W-TiC composite powders in a HIP setup at 1620 K and 2200 K for 3 h under a pressure of 200 MPa. After the densification process, the corresponding relative density and grain size of the W-TiC composite are 98% and 0.9 μm, respectively.
The HP densification technique has no obvious advantages in preparing W materials with fine grain microstructures, compared to SPS, UHP and HIP techniques. The HP technique is just assisted by a uniaxial pressure and then densified in a high temperature. Therefore, Miao and Xie et al [37, 63] produced the W matrix composite by the HP technique and a rolling deformation was followed to improve its mechanical properties. Generally, densification of W materials conforms to the PLS, which requires a high temperature or long duration [64] . The obtained W materials usually exhibit a microstructure of coarse grains and inferior mechanical properties. Ren et al. [65] consolidated the nano-sized W powders by the PLS technique at 1000-1300 °C for 1 h with an Ar or H 2 atmosphere, reporting that the grain size of the pure W materials could be refined to a sub-micro level. But the weight and size of the sample were only 4 g and ~ 16 mm in diameter, respectively. For the large-sized sample, it is hard to obtain W materials with fine grain microstructures [64] . Therefore, densification of W materials following by PLS is usually combined with the follow-up processing technology to realize the fine grain and high-density microstructure to improve their properties. Table 1 concludes the relative density and grain size of several representative W materials by different densification techniques. From Table 1 , the grain size of the W materials can only realize a micro-or sub-micro-level even though consolidated by the above-mentioned pressure-assisted sintering techniques, indicating that it is hard to obtain a W material with nano-sized grains. Thus, to obtain W materials with nano-level (< 100 nm) grains, it is necessary to adopt the continuous deformation processing techniques. 
Follow-up deformation processing technique
The follow-up deformation processing technique is not only an efficient way to the further refinement of grains and densification of W materials, but also an efficient method to improve the comprehensive performance of W materials. The main influences from the deformation processing [10, 72] include (1) grain refinement; (2) grain orientation changes (formation of the deformation textures); (3) morphology changes of grains; (4) increasing dislocation density. Grain refinement implies the high density of grain boundaries and more grains with the preferred orientation for deformation, which will be helpful to improve the strength and toughness of the W materials [73, 74] . The increasing dislocation density appropriately means more movable screw dislocations, i.e., enhancing the mobility of dislocations, which is beneficial to improve the plasticity and toughness of the materials [75] . Notably, the grain orientation and grain morphology would lead to some performances of the materials with an anisotropy feature. Gumbsch [76] reported that fracture toughness or DBTT of a W single crystal with different crack systems is obviously different. Zhao et al. [77] and Rupp et al. [78] conducted a three-point bending test for the rolled W materials and found that the fracture mode of the longitudinal specimen is transgranular cleavage and the transverse specimen is intergranular fracture. Further, the fracture toughness of the longitudinal specimen is higher than that of the transverse specimen [78] . These results depend not only on the texture but also on the grain morphology. Notably, different deformation processing techniques or processes will result in different textures. The grains with different orientations always exhibit different surface changes under the exposure of irradiation particles. For the deformation processing of W with the body-centered cubic structure, the techniques of forging, extruding and drawing would lead to strong <110> texture, and the rolling deformation will result in {111} and <110> textures. Due to the different textures with different Schmidt indexes, the toughness of W materials could be improved through increasing the amount of grains with the preferred deformation orientation during the deformation process. At present, the common deformation processing techniques of forging, rolling and swaging are exploited to improve the performances of W materials. W materials (such as pure W, W-K alloy, W-TiC, W-Y 2 O 3 and W-La 2 O 3 ) were processed by different deformation processing techniques with different processes to improve its microstructure and performances [37, 63, [79] [80] [81] [82] [83] [84] [85] [86] [87] . Table 2 lists the relative density, grain size and some other performances of the obtained W materials after processed by different deformation processing techniques. The density with the further densification, grain size and grain morphology are refined and changed, respectively. In addition, some other performances (such as strength, toughness, plasticity, and DBTT) are improved. Zhao et al. [87] reported that the deformed W-Y 2 O 3 composite showed a superior behavior to the SPS-densified W-Y 2 O 3 composite in the thermal shock response. Moreover, the deformation processing was not only combined with the PLS densification technique but also combined with some other special sintering techniques.
Furthermore, some researchers tried to conduct the deformation processing on the W materials by high-pressure torsion (HPT) and equal-channel angular pressing (ECAP). Li et al. [88] reported that the pure W materials can be obtained with a grain size of 46.6 nm and 32.5 nm through the HPT deformation technique with deformation processes of 2 GPa, 5 turns and 4 GPa, 10 turns, respectively. The microhardness values of these obtained pure W materials are 894 HV 0.2 and 1073 HV 0.2 , respectively. However, the specimen size for HPT would limit its application in mass production. Hao et al. [89, 90] conducted the ECAP technique for the commercial pure W at 800 °C and 900 °C, and found that the grain size could change from the original size of 3-20 μm to 0.9 μm (84%) or 1.5 μm (83%).
Coating and additive manufacturing techniques
Igitkhanov et al. [91] provided some boundary conditions for the plasma-facing components (PFCs) in future fusion devices (such as DEMO), suggesting that the thickness of the W armor material of the PFCs can be only ~ 3 mm. Therefore, it is reasonable to produce W coatings to meet the application requirements in PFCs [92] [93] [94] [95] [96] [97] by coating manufacturing technologies, such as chemical vapor deposition (CVD), vacuum plasma spray (VPS) and atmospheric plasma spray (APS). Notably, the W coatings could join directly with the heat sink materials or structural materials. Studies [92, 93] reported that the high-density W coating can be obtained by the CVD technique and it exhibits an excellent thermal shock resistance during an ELM-like test. The grains produced by CVD are highly elongated with rather large grains perpendicular to the surface/interface of the substrate. But the deposition rate of the CVD-W is ~ 0.6 mm h −1 , which may limit the W material production. Moon et al. [94] successfully produced a W coating with ~ 3.7 mm thickness on the ferritic-martensitic steel. The hardness of the W coating is ~ 300-400 HV, which is equivalent to 80% of the present W mock-up. Matějíček et al. [95] studied the influence of the substrate temperature on the W coating, and found that it was beneficial to obtain a high-dense W coating by increasing the temperature of the substrate. Further, the W coatings produced by the APS technique usually possess a very high oxygen content [96] . Therefore, Hou et al. [97] added a small amount of LaH 2 to reduce the O content during the APS process because the LaH 2 could absorb O with the formation of La 2 O 3 .
Apart from the W coating manufacturing technologies, melting technologies [98] [99] [100] [101] [102] [103] [104] [105] of arc melting, electron beam melting (EBM) and additive manufacturing approach of selective laser melting (SLM) are also applied to produce W materials. Due to the high melting point, conventional melting and casting techniques are unsuitable for the production of ingots of the refractory metals. In 1955, Klopp et al. [98] produced W-Re alloys by arc melting and EMB techniques. After deformation processing, the W-Re alloys exhibited good tensile and bending behaviors. Furthermore, Long et al. [101] reported that it was an effective approach to purify the W ingot and obtain high purity of W materials by the EBM technology. SLM as a newly developing additive manufacturing/3D printing technology enables the rapid production of 3D objects with any complex structures directly from powder materials [102] . It exhibits attractive economic efficiencies compared to conventional manufacturing methods, by reducing the cost through reductions in machining and eliminating wasted materials. Recently, the SLM technology was widely applied to produce high-quality W materials [103] [104] [105] [106] . Wang et al. manufactured high-density (18.53 g cm −3 ) pure W materials by SLM [106] , and found that the hardness and grain size of the W material are 3.79 GPa and ~ 5.12 μm, respectively.
Conclusion and outlooks
Tungsten as the promising candidate PFMs for the future fusion reactor will face severe challenges. To satisfy the fusion engineering application, an advanced W material with the fine grain and high density is required and developed. This paper [86] illustrates current preparation routes of W materials including the powder metallurgy route and other manufacturing approaches. For other manufacturing approaches, coating manufacturing techniques, melting techniques and the additive manufacturing approach are exploited to produce W materials. Based on the current understanding, these manufacturing approaches would be a choice to produce advanced W materials applied in the future fusion reactor. When producing the W materials following the powder metallurgy route, mechanical milling and wet-chemical method are the main approaches to prepare the W material powder. Mechanical milling is an efficient approach to obtain nano-sized powders, but some impurities would be induced from the milling jar and milling balls. Further, the milled W powder possesses several characteristics including the high surface roughness, fine grain size, normal distribution particle size and high residual stress, indicating a high sintering driving force but low powder flowability during the densification stage. For the wet-chemical method, the stable synthesis process of nano-sized W powder should be studied deeply in the future research. Currently, the densification techniques for W materials mainly contain pressure sintering of SPS, UHP, HIP, HP and PLS. These pressure sintering techniques are the efficient approaches to obtain W materials with the fine grain and high density compared to the PLS technique. Notably, the W materials with nano-sized grains are hard to be obtained even though they are consolidated by the pressure sintering techniques. Therefore, the bulk densification process is usually combined with a follow-up deformation process for the W material production. During the deformation processing stage, the grain and density of the W materials could progress a further refinement and densification. In addition, the texture change and dislocation density increase of the deformed W materials will be beneficial to improve its comprehensive properties. Considering the W material employed in the fusion engineering application, combining these scalable techniques such as the wet-chemical method, PLS and continuous deformation processing techniques would be the possible research and developing routes to realize the preparation of the advanced W materials.
